Abstract: Geysers, which involve the explosive release of water through vertical shafts connected to a nearly horizontal pipeline, have been attributed to either pipeline surge or the release of air. Laboratory experiments involving the release of a large entrapped pocket of air through a surcharged vertical riser indicate that the air can force water upward in the shaft but that a jet such as seen in video records of prototype systems does not form. This difference is attributed to processes that cannot be scaled down to the laboratory experiments. Data from a storm-water tunnel in Minneapolis that experienced a series of observed geyser events were analyzed. Measurements included pressures and velocity within the tunnel that can be correlated with observations on a videotape of the geysers. The pressure records do not indicate surge pressures sufficient to lift the water to the ground surface. Features of the pressure records can be interpreted to indicate the release of large air pockets through the manhole shaft similar to the laboratory experiments. These results suggest that the entrapment of large air pockets is an important component to the geysering process and that tunnel design procedures need to properly account for air effects.
Introduction
The phenomenon commonly referred to as "geysering" that occurs in below-grade sewer systems manifests as an explosive release of water or an air/water mixture through vertical ventilation shafts or manholes. Fig. 1 shows a geyser event in Minneapolis. Based on other objects such as street light fixtures in the complete images, the geyser appears to rise at least 20 m above the land surface. Similar heights of rise are seen in images in posted videos from the Chicago Tunnel and Reservoir Project (TARP) and other systems. Geysers have also been reported in hydropower systems and were attributed to air entrained in a hydraulic jump within a portion of the piping system (Nielsen and Davis 2009) . However, no instrumentation was installed in that system to document behavior during a geyser occurrence.
During the early 1980s, geysers in the Chicago tunnel system initiated interest in development of analysis methods so that geyser development could be predicted during design and procedures implemented to avoid the occurrence. Numerical models of transient mixed flow, where both free surface and pressurized flow could occur simultaneously in nearly horizontal conduits, were developed for this purpose, with the model by Cardle and Song (1988) being a notable early contribution to the literature on the topic. Additional contributions in more recent years include Capart et al. (1997) , and Politano et al. (2007) These represent various approaches to the task of predicting the simultaneous occurrence of mixed flow with sufficient numerical accuracy to predict the hydraulic bores that may form in a rapidly filling conduit. In spite of the numerical sophistication associated with the implementation of any of these models, it is not clear that they have any link to the phenomena depicted in Fig. 1 . To date, there is very little discussion in the literature regarding the physical processes involved in geysering. Guo (1989) and Guo and Song (1990) describe geyser formation as linked to inertial oscillations in the conduit flow. In Guo and Song (1991) , the following discussion is presented: "If the water level rises above ground surface, the geyser occurs. It has been ascertained that if the dropshaft is ventilated, as most are, the cover could not be blown off by air pressure alone. That is, most blowoffs are caused by the impact force of the rising water. Therefore, it is sufficient to study the hydrodynamics alone." This statement does not address the fundamental question of whether geysers involve an air-water interaction, an issue of critical importance to design, since a numerical model that requires the hydraulic grade line to rise to the ground surface in order for a geyser to occur could entirely miss an occurrence that is associated with air release. Several previous studies have considered air interactions in filling conduits (e.g., Zhou et al. 2002; Li and McCorquodale 1999; Izquierdo et al. 1999 ), but they do not directly address the issue of geyser formation. This paper presents information to indicate that the event depicted in Fig. 1 must be attributed to some interaction with air; available laboratory observations and research on twophase flow are used to suggest the nature of this interaction. 
Laboratory Observations
A number of laboratory experiments that involve the release of trapped air pockets at a vertical riser have been performed by the writers. However, the experiments were conducted for reasons other than corroborating the field data and therefore do not constitute a reproduction of the visualized sequence of events in the video from which Fig. 1 has been extracted. Results of some of these laboratory experiments have been previously reported by Vasconcelos (2005) and Wright et al. (2008) . Vasconcelos (2005) performed a set of experiments that involved the setup indicated in Fig. 2 . These experiments involved isolation of a volume of air under pressures somewhat above atmospheric in a pipe on one side of a butterfly valve while the opposite side was filled with stagnant water. Following a sudden opening of the valve, the air pocket intruded into the water-filled portion of the pipe and propagated to the vertical riser that was partially surcharged with water. The air began to rise into the vertical shaft because of its buoyancy, forcing the water upward ahead of it while a portion of the water passed downward around the perimeter of the air bubble as a film flow, somewhat resembling the flow at the front of a Taylor bubble such as described by Davies and Taylor (1950) . Depending on the experimental conditions, the water in the vertical shaft could be totally incorporated into the film flow, in which case the water rise terminated and the air escaped to the atmosphere. In other experiments, the film flow was insufficient to eliminate the water above the bubble, and the water rose until it spilled out the top of the shaft. In either case, the rising air bubble was accompanied by a drop in pressure within the pipeline, as indicated in Fig. 3 , which is a pressure record for a case where the water overflowed the vertical shaft; the pressure drop to about atmospheric pressure toward the end of the pressure record indicates the air release out the top of the shaft. Here, the initial water level in the vertical shaft was about 0.25 m above the pipe invert. The disturbance starting at about 7 s is associated with the opening of the butterfly valve. The air pocket takes about 4 s to propagate to the vertical shaft, after which the relatively sudden pressure decrease down to atmospheric pressure is associated with air rise through the shaft.
A geyser resembling that depicted in Fig. 1 did not occur in the laboratory experiments, although water was ejected somewhat explosively from the top of the shaft under some test conditions. The difference is likely because of the significant difference in geometric scale between the laboratory and field applications. At the field scale, the relative velocity between the rising air and the downward film flow can result in the phenomenon of flooding instability as described by Guedes de Carvalho et al. (2000) . Flooding instability arises because of the large interfacial shear between the rising air and the water film flow and could result in water droplets being sheared off the falling film and lifted upward with the air flow. At the laboratory scale, the air-rise velocity is insufficient to result in the flooding instability according to the criteria established by Guedes de Carvalho et al. (2000) . It is estimated that the geyser 
Using h ¼ 20 m would result in an exit velocity V of 19:8 m=s, which is much greater than required for the onset of flooding instability.
Field Observations

System Description
The geyser image presented in Fig. 1 was extracted The storm-water tunnel is a 3.66 m diameter arch cross section, with the tunnel invert located 28.6 m below grade at the location of the 2.44 m diameter manhole. Velocities were recorded at 5 min intervals with an American Sigma area (through measured depth) velocity meter, and rainfall was recorded at 1 min intervals. Pressure transducers were installed at 0.47 and 2.88 m above the tunnel invert. The data acquisition system for pressure was programmed to record at 5 min intervals until the water depth exceeded 1.46 m. Data were collected every five seconds for water depths between 1.46 and 2.93 m and every second for depths greater than 2.93 m.
Details on the horizontal tunnel geometry have not been made available. Modifications to the two manholes that experienced geysering were made in 2009 to eliminate the phenomenon.
Results
On the morning of July 11, 2004, the pressure transducers increased sampling frequency at approximately 5:22 a.m. Nine independent geysers were observed in the video record of the event; although there is some variability, each geyser lasted about 10-30 s, with about 75-90 s separating the onset of each one. The velocity record indicates that the velocity was relatively constant at about one meter per second between about 5:30 and 8:50 a.m. Fig. 4 presents the pressure record for a half-hour time period spanning the occurrence of the nine observed geysers. The pressure record is from the lower pressure transducer and converted to a pressure head relative to the tunnel invert. Superimposed on the figure are the visual observations of the geyser occurrences indicated from the video record. These are indicated by the vertical lines indicating the beginning and end of individual geysers; the height of the line has no relationship to pressures indicated on the vertical axis. The pipe crown elevation is also noted on Fig. 4 . Fig. 5 provides more details on the pressure record by focusing on a shorter time interval spanning several individual geysers.
A number of observations can be made regarding the data presented in Figs. 4 and 5 . First, the pressure head relative to the tunnel invert never went above about 6 m during the entire event. Since the tunnel invert is 28.6 m below grade, the discussion in Guo and Song (1991) described in the Introduction would exclude the possibility of geysers because the hydraulic grade line never approaches the ground surface. This clearly indicates that some other mechanism must be invoked to explain the observed geysers. Another observation is related to the estimated geyser discharge. If the jet exit velocity is estimated at 19:8 m=s as discussed above, this would require an upward discharge of 93 m 3 =s through the manhole. This compares to a tunnel discharge of less than 9 m 3 =s indicated by the measured tunnel velocities during the geyser events. It seems unlikely that a water discharge even approaching the tunnel discharge could be supported up through the manhole, indicating that the jet of water must contain only a small percentage of water by volume and consists mostly of air. This possibility allows the development of the estimated large discharge velocity with relatively low tunnel pressures. Consider that a pressure difference can drive an air-water mixture according to the approximation ΔP ∼ ρ m V 2 with the air/water mixture at a density ρ m ≪ ρ w , with ρ w the water density. Using this relationship, a maximum observed pressure head (relative to the tunnel crown) from Fig. 4 of about 1.55 m and the previously estimated jet velocity of 19:8 m=s, the required ρ m would be about 40 kg=m 3 , implying a water content of the jet on the order of 4%, which seems plausible.
Since the data do not support the notion of a solid column of water being lifted to the ground surface and jetted several meters into the air, release of a series of entrapped air pockets is considered to be the only plausible explanation for the geyser formation. Assuming that the tunnel becomes pressurized when the pressure head in Fig. 4 exceeds the tunnel diameter, this occurs about six minutes prior to the commencement of the first geyser event. The last geyser event ended about two minutes before the system transitioned back to a free surface state, and thus surcharged conditions existed in this portion of the tunnel for the duration of the geyser event. As shown in Fig. 5 , the pressure tends to drop abruptly at the onset of each geyser. According to the values presented, the pressure head fell to nearly the same level during each geyser, a little greater than the pipe crown elevation. Given the uncertainty in the pressure measurements, one cannot exclude the possibility that the pressure head falls to the pipe crown, presumably during the final stages of the expulsion of a discrete air pocket from along the pipe crown. This pressure variation has strong similarities to the laboratory results presented in Fig. 3 . Following the cessation of the geyser, the pressure tends to rise relatively quickly and assume an overall trend that seems to be occurring in the absence of the individual geysers. This behavior is inconsistent with a "hydraulic" or water-flow-only explanation of geyser formation but would be consistent with the arrival of discrete air pockets at the manhole with a pressure drop as the air releases into the vertical shaft. Although this is not conclusive proof, the data are far more consistent with an air-water interaction, specifically with the expulsion of discrete air pockets through the manhole. The apparent regularity of the geyser events displayed in Fig. 4 is not necessarily consistent with observations during other events on other dates with different time intervals between individual geysers. The writers believe that the geometry of the particular system results in the propagation of discrete air pockets from the downstream direction. Complete horizontal geometric details of the system were not provided to the writers, but it is understood that the locations where the geysers have been observed are in a relatively flat portion of the tunnel with steeper sections both upstream and downstream. This geometry would allow the development of mildly surcharged conditions in the flatter section while maintaining free surface flow on either side, providing a source for the air that subsequently migrates along the tunnel crown to the manhole under observation.
Conclusions
The field measurements collected during a rainfall event in Minneapolis on July 11, 2004, included visual observations of the manhole at the ground level along with velocity and pressure measurements within the storm-water tunnel near the location of the manhole. The measured pressures within the pipeline were incapable of lifting water in the manhole to even close to the ground surface, let alone eject it 20 m into the air. Converting the estimated rise height of the geyser into a vertical velocity in the manhole implies a manhole discharge that is more than an order of magnitude larger than the water flow measured to be flowing within the tunnel at the time of geyser observations. Furthermore, the measured pressures and velocities do not indicate the presence of large-scale inertial oscillations within the tunnel. The only plausible explanation for the observed geyser formation is the interaction of trapped air with water initially standing in the manhole because of existing surcharge conditions. The patterns of water pressure variation during air expulsion through the ventilation shaft are similar in the field and laboratory measurements, suggesting that in spite of possible differences in flow behavior because of the small laboratory scale, there are similarities in the rise of trapped air pockets in the vertical shaft in both situations.
Several implications are associated with these findings. The process of geyser formation, at least in this application, is apparently not directly connected with surging in the tunnel system, as suggested by some of the previous literature on the subject. Numerical models that are currently applied to simulate transients in rapidly filling tunnel systems do not account for the air phase. The predicted results of these models should be interpreted with caution with respect to the issue of geyser formation. Predictions that transient hydraulic grade lines remain below grade should not be interpreted to suggest that geysers will not occur. Model capability to predict the location of air entrapment within a system is useful, even if the subsequent motion of the air cannot be predicted with a single phase flow model. This information can be used judiciously to make design decisions about the location and capacity of air ventilation required in a system. 
